example, under normal physiological conditions, astrocytes are exposed to an oxygen level of ~25 mmHg (2) , which corresponds to approximately 5% oxygen in the cell culture setting (1) . This, therefore, should be considered normoxia for these cells.
Hypoxia can occur in different tissues in various pathological situations, such as in cerebral malaria, stroke, myocardial infarction, Alzheimer's disease, renal disease, and cancer (3) (4) (5) (6) (7) (8) . Research on these diseases has focused on hypoxia with the aim of expanding the understanding of disease pathogenesis. One approach is to culture relevant cell types or tissues in conditions that reproduce the normoxic or hypoxic states experienced in vivo.
Va r ious methods have be e n developed to generate and maintain low oxygen environments during cell culture experiments. Gassing of cell culture medium, using gas mixtures with low oxygen content, has been widely employed to obtain solutions with low dissolved oxygen levels. Hypoxia modular chambers, hypoxia incubators, and hypoxic sub-chamber systems are also widely used to perform hypoxic experiments. These items of equipment are expensive to purchase and have significant continuing gas costs. We sought to find an effective and economical alternative method for generating and maintaining low oxygen levels for our ongoing studies of cerebral malaria pathogenesis. Our results showed that vacuum bags, manufactured for food storage, were a suitable tool for creating and maintaining a hypoxic environment in vitro. Culturing cells in gassed and sealed vacuum bags provided an inexpensive and effective alternative to hypoxia incubators and hypoxic modular chambers.
Materials and methods
Gas mixtures containing either 0% or 5% oxygen, with 5% CO 2 and nitrogen making up the balance, were purchased from Coregas Pty. Ltd (Sydney, NSW, Australia) and used to correspond to hypoxic and normoxic oxygen levels, respectively, for human primary astrocytes. Plastic vacuum bags, conventionally used for long-term storage of food since they exclude oxygen and microorganisms, were purchased from a local kitchenware shop ( Here we report a simple new method for exposing cells to normoxic and hypoxic conditions using vacuum bags, normally employed for food storage, to establish and maintain low oxygen levels in vitro. Vacuum bags were gassed with a mixture containing specified levels of oxygen, then sealed, creating a hypoxic microenvironment for cells cultured in flasks placed therein. Oxygen levels in the gas mixture and culture medium in flasks inside the sealed bags equilibrated after two hours of incubation. The vacuum bags maintained low oxygen levels (either <2% or 5%) in medium for at least 4 days. Human fetal astrocytes grew normally in flasks for at least 4 days in a 5% oxygen/ 5% CO 2 / 90% nitrogen atmosphere, but viability decreased at <2% oxygen. Vacuum bags can accommodate varying oxygen levels that would otherwise require systems with separate chambers or modules, but are less useful when repeated experimental manipulations of individual cultures are required.
Reports

METHOD SUMMARY
Here we report a new low-cost, effective method for creating hypoxic in vitro cell culture environments by incubating culture medium in flasks within gassed and sealed food storage vacuum bags containing a specified oxygen level. 5 cells per flask and incubated for 24 h before being placed in a low oxygen environment as mentioned later. Oxygen levels in the medium were measured after all experiments as above. The medium also was assayed for lactate dehydrogenase (LDH) using an LDH assay kit (Cayman Chemical Company, Ann Arbor, MI) as a measure of cell death. RT-qPCR analysis was performed on cells as follows.
RT-qPCR
RNA isolation was performed using an Isolate II RNA mini kit, and cDNA was synthesized using a Tetro cDNA synthesis kit, both according to the manufacturer's protocol [Bioline (Aust) Pty. Ltd., Sydney, NSW, Australia]. Amplification was performed in a Rotorgene Q machine (Qiagen Pty. Ltd., VIC, Australia) using KAPA SYBR Fast PCR Universal ReadyMix, 100 nM each primer. Forty cycles of 95°C denaturation (10 s) and 60°C annealing/extension (45 s) were performed, and the specificity of amplification was assessed by melting curve analysis. Fold change was expressed relative to the 21% oxygen control using the ∆∆Cq method with normalization to the ribosomal protein L13a reference gene RPL13a (10) . The primer sequences used were: hexokinase 2 (HK2)-5´-GGC AGG ATG ATT GCC TCG C-3´, 5´-TTG CGG AAC CGC TTA GAG AT-3´; and RPL13a-5´-ATT CCT CAT GCG TTG CCT GCC C-3´, 5´-AGC TTC CTA TGT CCC AGG GCT GC-3´.
Creating a low oxygen environment by bubbling gases through medium Five milliliters of warm medium was placed in a T12.5 cm 2 tissue culture flask, and the gas mixture was blown on top of the surface for 1, 2, 4 or 5 min. After gassing, the oxygen concentration in the medium was immediately measured using the oxygen electrode.
Creating a low oxygen environment using vacuum bags Lids of plastic containers or cell culture plates provided a rigid support for the cell culture flasks and a water dish. A Petri dish containing 15 mL water was placed inside each bag for humidification, which is a similar procedure to that used in conventional hypoxia chamber experiments. The flasks/dish were taped onto a lid and placed in a vacuum bag. The bag was partially sealed, leaving two openings, one at each edge, to allow gas to flow in and out of the bag. The end of a disposable, sterile plastic pipette, attached to the gas cylinder via tubing, was inserted into one opening, and the bag was gassed with the gas mixture. Gas was blown into the vacuum bag, not on the surface of the medium, so that equilibration was allowed to occur naturally. After 5 min., the free end of the vacuum bag was sealed with the heat sealer, quickly followed by the end that was used for gassing. The gassed vacuum bag was then placed in a larger vacuum bag prepared from a vacuum bag roll, and this was gassed and sealed in the same way. Finally, the gassed and sealed double vacuum bag was incubated for the desired time in an incubator at 37°C. Oxygen levels in the medium were measured after incubation.
Data analysis
All data are expressed as the average of 3 separate experiments ± standard error of the mean (SEM). Where applicable, statistical analysis and curve fitting were performed with GraphPad Prism 6.0.
Results and discussion
First, we verified that oxygen levels could be measured from cell culture media using an oxygen electrode. A gas mixture with 5% or 0% oxygen, 5% CO 2 , and nitrogen making up the balance was blown over tissue culture medium in a culture flask for various time periods to validate the method. Neither 5% nor 0% gas mixtures resulted in the medium oxygen level equilibrating to those exact percentages. Therefore, a range was chosen for each oxygen level: 5% -7% to represent normoxia and 0%-2% to represent hypoxia for human primary astrocytes. As shown in Figure 1 , after 5 min of gassing, the medium oxygen level had equilibrated to that of the gas mixture within the range stated above. This method produced rapid equilibration of the oxygen levels in the gas mixture and medium, but it could not be performed with cells in the flask as the force of the gas delivery had deleterious effects on cell attachment (data not shown). Gassing the medium before adding it to the flask also was not effective as the oxygen levels in the medium rose significantly when the gassed medium was pipetted into the flasks (data not shown).
To lower the oxygen levels in the medium, flasks were placed in a low oxygen environment within vacuum bags. Cell culture flasks with culture medium were incubated for various time periods in separate vacuum bags sealed with 5% or 0% oxygen gas mixtures as described above. Figure 2 shows that after 2 h of incubation in gassed and sealed vacuum bags, the oxygen level in the medium had equilibrated to the required level. In preliminary experiments, a single vacuum bag was compared with double bags, and the latter approach was found to be superior at achieving and maintaining the low oxygen levels in medium. Thus, placing the vented flasks in gassed vacuum bags created a low oxygen environment in vitro within 2 h.
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Human primary astrocytes were incubated in a hyperoxic (21%), normoxic (5%), or hypoxic (<2%) environment for 24 h using our protocol. Measurements of oxygen post-incubation in the medium cultured with cells were similar to those obtained using medium alone ( Figure 3A) . Released LDH levels were measured as a test for cell viability since this method detects cellular stress leading to cytotoxicity earlier than conventional dead cell counting methods (11) . The LDH assay showed no significant increase in cell damage after exposure to lower oxygen levels (<2%) for 24 h ( Figure 3B ), but 2 days or more of hypoxia at <2% did increase cell death (data not shown). This increased cell death rate is highly unlikely to be due to osmolarity or pH changes of the culture medium during incubation in the vacuum bags because the effect was only seen at <2% oxygen. Under low oxygen conditions, a concentration gradient of oxygen in the medium has been described, with pericellular concentrations reaching < 0.1% (12) , and it is not surprising that astrocytes lost viability over time under such conditions. The physiologically relevant control at 5% oxygen showed no increased cell death when incubated inside a similar vacuum bag environment. In addition, medium pH levels were not affected by the incubation of medium inside vacuum bags (data not shown).
Interestingly, human primary astrocytes did not show much difference in their phenotype, gene expression, or proliferation between 21% and 5% oxygen levels, even though 5% oxygen level mimics the more physiologically relevant environment. Total concentrations of ATP and LDH were not different between the two groups after a 24 h incubation (data not shown). Studies examining the effects of hypoxia on rat and human primary astrocytes identified a number of genes that were up-regulated at oxygen levels of 1% (13, 14) . One gene that was common to these gene lists was HK2. We also found that this gene was up-regulated by hypoxia (<2% oxygen) in human primary astrocytes ( Figure 3C ). This demonstrates that the vacuum bag method can be used to produce different oxygen levels in vitro without acute damage to cells while also reproducing changes in gene expression observed in hypoxic settings achieved by other techniques.
As seen in Figure 3D , the bags were able to maintain low oxygen levels in culture medium for 4 days (the longest period tested). Furthermore, we found that standard culture medium could be replaced with glucose-free medium and incubated in a similar vacuum bag environment to mimic oxygen-glucose deprivation for studies modeling ischemia (data not shown).
Gassing cell culture medium is often done to generate hypoxic conditions, but we found this method to be inappropriate for our astrocyte cultures for two reasons: First, there were deleterious effects on cells present during the gassing; and second, the oxygen levels of pre-gassed medium rose quickly as it was pipetted into the flasks containing cells. The latter finding shows the need to measure oxygen levels in medium in order to accurately perform hypoxia experiments.
Equilibration of cell culture medium with a low oxygen atmosphere occurred within 2 h. Other methods of generating hypoxic media also require an equilibration period, since equilibration is a function of temperature and oxygen concentration in the gaseous and aqueous phases, regardless of whether the incubations are in a static vacuum bag or a perfused gas system. This period must be factored into experimental designs. It would be unwise to use the vacuum bag method to perform experiments with short incubation times as the target oxygen level is not achieved before 2 h (Figure 2 ), but other methods for achieving hypoxic conditions also will require some time for equilibration. We found the vacuum bag approach to be suitable for 24 h incubations, which were used in most published studies.
This new system is not suitable for experiments that require continuous monitoring of physiological parameters, for example during the period of switching from normoxia to hypoxia. However, timecourse experiments can be performed Five milliliters of warm complete astrocyte medium was placed in each of 5 T12.5 cm 2 flasks, and 5% (A) or 0% (B) oxygen gas mixtures were bubbled on top of the medium for the given time periods (x-axis). Oxygen levels were measured using an oxygen electrode. Data are mean ± SEM, n = 3, and were fitted with a curve using exponential nonlinear regression. Oxygen levels in gas mixtures and medium equilibrate after two hours within plastic vacuum bags. Five milliters of warm complete astrocyte medium was added to a T12.5 cm 2 flask, and the flask was placed in a plastic vacuum bag with a dish of water (15 mL). The vacuum bag was gassed with 5% (A) or 0% (B) oxygen gas mixture for 5 min before sealing. This bag was placed in another vacuum bag that was also gassed and sealed. The vacuum bags were incubated for various time periods in a 37°C incubator. Oxygen levels were measured using an oxygen electrode. Data are mean ± SEM, n = 3.
Vol. 59 | No. 4 | 2015 easily using samples in separate bags that are harvested at different time points. If the incubation condition needs to be changed during the process of hypoxia, for example to add agonists or antagonists at different times, re-gassing would be required. There is a comparable issue in hypoxia incubators, where a hypoxic atmosphere is changed by opening the incubator door. Some oxygen chamber systems have a gas-tight glove system for manipulating cell cultures, which overcomes this problem. The vacuum bag system is most suitable for experiments where all additions to the medium are made at time 0 and measurements made only at one time point, which is the most common form of hypoxia experiment reported in the literature.
Variable atmosphere incubators are widely used to generate low oxygen environments. These incubators are expensive to purchase and also costly to maintain as they use large quantities of gas due to their large internal volume compared with that of the vacuum bags.
A single hypoxia incubator generally allows comparisons to be performed between cells cultured at one hypoxic oxygen level and the atmospheric oxygen level (21%). The latter level is actually hyperoxic for almost all cells; for example, the physiological oxygen level experienced by brain cells corresponds to an oxygen level of 5% in the cell culture setting (1). Therefore, experiments comparing cells under normoxic and hypoxic conditions would require lowering the oxygen levels to two different levels, for example, 5% and 0%. This requires more than one hypoxia incubator or systems with modular hypoxia chambers. Our method provides low oxygen environments without the need for expensive equipment. In addition, by using gas mixtures of varying oxygen concentrations, it is possible to perform experiments at a range of oxygen levels. This reproduces the situations experienced in physiological and pathophysiological conditions. Variable atmosphere incubators do allow a wide range of oxygen levels to be achieved by mixing only two gases (e.g., air and nitrogen), though for the vacuum bag system it is simpler to purchase pre-mixed gases. Furthermore, setting up the vacuum bags requires more manipulations and therefore takes longer than simply placing cultures within an incubator.
Importantly, there was no change in cell viability during 4 days of culture in vacuum bags at 5% oxygen (data not shown), demonstrating that the system allowed cells to survive normally, as they would in an alternative approach such as a hypoxia incubator.
A similar approach to low-cost hypoxia studies has been reported by Wang and colleagues (15) . Those authors constructed chambers from laboratory grade 4 Mil polyester barrier membrane sheets with gas inlet and outlet tubes inserted. They demonstrated that the HIF-1a pathway was activated in cells exposed to hypoxia using their system. Our approach differs somewhat in that we have employed food storage bags, which Human primary astrocytes were grown at 4 × 10 5 cells per flask overnight before being placed in vacuum bags, which were then gassed and sealed with 5% or 0% oxygen gas mixtures. Cells grown in hyperoxic conditions (21% oxygen) were placed directly in the incubator without bags. (A) After 26 h incubation, the oxygen levels were measured using an oxygen electrode. (B) Cell supernates were analyzed for lactate dehydrogenase (LDH) as a measure of cell viability. Levels of LDH present in the cell supernates were proportional to the absorbance at 490 nm. (C) Expression of hexokinase 2 (HK2) mRNA was measured by RT-qPCR relative to the average HK2 expression in 21% oxygen. (D) The medium used for human primary astrocyte cultures was incubated in vacuum bags, gassed and sealed, with 5% or 0% oxygen gas mixtures. Oxygen levels were measured every day using an oxygen electrode for up to 4 days. Data are mean ± SEM, n = 3. ***P < 0.0001, one-way ANOVA with Bonferroni's post-test. are cheaper and more readily obtainable. Since the bags are pre-formed on three sides, the preparation time is reduced compared with fabricating all sides of the chamber. Furthermore, we found that gassing the bags did not require the insertion of inlet/outlet tubes, eliminating potential sites of gas leakage. Because the food storage bags are cheap and readymade, we were able to discard them after a single use rather than re-sterilizing and re-using them as Wang and co-workers did (15) . In the current report, we have provided data to substantiate the efficacy of our system for cell hypoxia studies.
All wavelengths included
In conclusion, we present an inexpensive and effective technique for obtaining and maintaining low oxygen levels for cell culture using food-storage vacuum bags. For some types of experiments, this method provides a novel alternative to classically used, but more expensive, approaches.
